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Abstract
The dynamical structure factor of solid 15N2 in the
α phase (T < 35K) is measured at the IN4 time-
of-flight spectrometer at the Institut Laue Langevin,
and the potential performance of this substance as
a UCN converter is assessed. The cross-section to
down-scatter neutrons to ultra-cold neutron energies
is determined as a function of incident energy, as well
as the up-scattering mean free path. The UCN pro-
duction cross-section is found to be approximately
20% of that of deuterium. However, UCN with en-
ergy 181 neV have an up-scattering mean free path of
46 cm at T = 5.9 K, which is ∼ 20 times larger than
deuterium. Therefore, a large volume α−15N2 source
may produce an improved UCN density if sufficient
isotopic purity can be achieved.
1 Introduction
Ultra-Cold Neutrons (UCN) are neutrons with ener-
gies (E ∼ 100 neV) low enough to be trapped by
suitable material and magnetic bottles[1, 2]. Due to
long storage times (several hundred seconds or more),
precise measurements of the neutron’s properties use
UCN, and these measurements have implications for
the theory of weak interactions and physics beyond
the standard model[3, 5, 6]. Many of these exper-
iments are statistically limited, and research of im-
proved materials and technologies is necessary to de-
velop new and intense UCN sources.
Several planned UCN sources use solid deuterium
(D2) to down-scatter cold or thermal neutrons to
UCN energies[7, 8, 9, 10]. Since it was first pro-
posed and investigated[11, 12, 13], considerable re-
cent effort has gone into understanding UCN pro-
duction in D2[15, 16, 17, 18]. Deuterium is chosen
for its low neutron absorption cross-section, low in-
coherent scattering cross-section (to minimize UCN
elastic scattering within the source), and the presence
of numerous phonon modes which can inelastically
scatter neutrons down to UCN energies. However,
aside from these phonon modes, the free rotation
of D2 molecules can cause incoherent up-scattering
(i.e. loss) of UCN in the deuterium. In order to
suppress this up-scattering, the D2 sample is con-
verted to the J = 0 (ortho) state using paramagnetic
catalysts[15, 19].
Solid α−15N2 is a potential alternative to deu-
terium: its absorption cross-section is only 5% of
that of D2, and it has a negligible incoherent scat-
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tering cross-section. Additionally, rotation of the
N2 molecules in the lattice is inhibited due to the
anisotropy of the N2 inter-molecular potential. This
leads to dispersive modes for the rotational degrees
of freedom (librons) which provide additional chan-
nels for neutron down-scattering, and eliminates the
rotational incoherent up-scattering prevalent in D2.
Due to the primarily classical nature of its inter-
molecular potential, the anharmonicity of the angu-
lar degrees of freedom, and phonon/libron coupling,
solid nitrogen has been a testing-ground for ab ini-
tio lattice and molecular dynamics calculations[20].
Several models exist which utilize inter-molecular or
atom-atom potentials of various forms[21, 22, 23, 24,
25, 26], and anharmonic effects have also been investi-
gated experimentally and theoretically[27, 28, 29, 30].
Past interest notwithstanding, there is little data on
the dynamical structure factor of α-N2 from neutron
scattering[31].
In this letter, we present a measurement of the dy-
namics of α−15N2 using neutron scattering in order
to investigate the performance of nitrogen as a UCN
converter. The dynamical structure factor S(q, E) is
measured using the time-of-flight (TOF) technique;
the total scattering cross-section is then analyzed to
determine the absolute intensity of the scattering.
From this, the cross-section to convert neutrons to
UCN energy is computed.
2 Experiment
The dynamical structure factor is measured using
the IN4 TOF spectrometer at the Institut Laue
Langevin (ILL) using incident neutrons of wavelength
λ = 2.2A˚[32]. The sample environment, cryostat,
and sample control system are the same as that
used for previous studies of oxygen and deuterium
as UCN converters[15, 34]. This provides a means
of direct comparison between the different convert-
ers. Gaseous 15N2 (99.4% isotopic purity) is intro-
duced into the 2 mm annular cell through a needle
valve, and condensed using the ILL’s orange helium-
exchange cryostat (see [15, 34] for details). The de-
tector array is calibrated using an isotropically scat-
tering vanadium sample. The dynamical structure
factor and related quantities are computed using the
ILL’s standard data treatment software LAMP[33].
Total scattering from the sample cell is measured
while condensing nitrogen to assure that the cell is
completely filled, and the sample temperature is then
lowered to the solid α-phase. In order to ensure that
the nitrogen sample did not consist of macro-crystals,
the elastic scattering intensity is analyzed for various
annealing times at the α − β phase transition. We
find little variation in the elastic peaks for different
annealing times.
Data are then acquired with nitrogen at temper-
atures of 5.9, 11, 15, 20, and 25 K. A background
measurement of the empty cell is performed at 11
K. The inelastic scattering background due to the
aluminum phonons is temperature dependent, espe-
cially on the anti-Stokes (E < 0) side, according
to the Bose-Einstein occupation factor nBE(T,E) =
[exp (E/kT )− 1]−1. We thus rescale the background
intensity by the relative change in occupation num-
ber (as a function of E) prior to subtracting it from
the nitrogen data. This is particularly important
for computing UCN up-scattering mean free path for
T < 11 K (see below), where it is a ∼ 20% effect if
uncorrected.
We also perform measurements using 14N2, and
find that the dynamical structure is the same as that
for 15N2, with a difference in scattering intensity com-
mensurate with the isotopic difference in total scat-
tering cross-section (σscat14/σscat15 ≈ 2.2). For this
reason, data with 14N2 are used for the determina-
tion of the temperature dependence of the dynamical
structure factor due to the accumulation of better
statistics. The results are scaled by the above factor
to determine the absolute 15N2 cross-sections.
3 Results
The differential scattering cross-section dσ/dE is
shown in fig. 1. The vertical scale factor κ is set
by demanding that
κ
∫ (
dσ
dE
)
data
dE = σscat (1)
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Figure 1: The differential scattering cross-section ver-
sus E. E > 0 corresponds to energy loss, and E < 0
to energy gain. The vertical scale is set by integrating
to the total scattering cross-section (see text).
where σscat is the total scattering cross-section per
molecule. We find κ = 36.6±7.3 b, with the 20% un-
certainty due primarily to the unknown contribution
of scattering intensity outside the kinematic range of
the instrument. The factor κ has units of barns so as
to convert the dσ/dE data (which has an arbitrary
normalization) into a cross-section. This normaliza-
tion factor is used below to calculate the absolute
UCN production and up-scattering cross-sections.
The dynamical structure factor S(q, E) (averaged
over orientations of ~q due to the polycrystallinity of
the sample) is shown in fig. 2. The intensity at
q = 1A˚−1 has peaks at E = 4.5, 5.7, and 8 meV,
in reasonable agreement with the Tg, Au, and Tu
modes predicted by Kjems and Dolling[31]. How-
ever, it is difficult to comprehensively compare the
data to various dynamical models due to the low en-
ergy resolution of the TOF method, as well as the
polycrystalline nature of the sample.
Fig. 3 shows the Generalized Density-Of-States
(GDOS), which exhibits prominent peaks from one-
phonon states, and broad low-lying intensity due to
multi-phonon processes. Elastic contamination is re-
moved by fitting the GDOS to E2 for E . 2 meV.
The peaks in the 4 to 8 meV range broaden with
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Figure 2: The dynamical structure factor of polycrys-
talline α−15N2. The color scale is set by integrating
the measured differential cross-section and equating
it to the total scattering cross-section. The black line
corresponds to the UCN production curve given by
eqn 2.
increasing temperature due to phonon and libron
conversion and dephasing, which has been studied
experimentally in detail using infrared and Raman
spectroscopy[28, 29].
4 Discussion
The black line in fig. 2 corresponds to the kinemati-
cal condition necessary for UCN down-scattering. As
UCN energies are much less than cold and thermal
neutron energies, we take the UCN energy EUCN ≈ 0
and arrive at the following relation for the wave-
vector transfer q =
∣∣∣~ki − ~kf ∣∣∣ and energy transfer
E = Ei − Ef :
E = ±~
2q2
2mn
(2)
with the plus sign for UCN production, and minus
sign for UCN up-scattering.
The intensity of S(q, E) parameterized along the
curve given in eqn. 2 is then proportional to the
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Figure 3: The GDOS for solid nitrogen at two tem-
peratures in the α-phase. Peak broadening at higher
temperature is observed.
cross-section to nearly “stop” a cold neutron, thereby
converting it to a UCN. The UCN production cross-
section versus incident energy integrated over final
UCN energy Ef from 0 to some maximum UCN en-
ergy Emax is given by
σUCN (Ei) =
2
3
κE3/2max ·
1√
Ei
S
(√
2mnEi/~, Ei
)
.
(3)
Upon escaping the nitrogen volume, UCN are
boosted by the solid 15N2 Fermi potential of ∼ 69
neV. We choose Ef = 181 neV, which corresponds to
a trappable energy of 250 neV, commensurate with
UCN production cross-section calculations in [34].
The energy-dependent production cross-section is
shown in fig. 4. Production peaks near 6 meV, most
probably due to a combination of vibrational and li-
brational down-scattering channels. The production
cross-section can vary with temperature due to the
temperature dependence of normal mode frequencies
and their widths in the α-phase: we find the variation
in the cross-section to be no more than 18% in the
range of 5 to 25 K (increasing slightly with increasing
temperature).
From the above, an estimated rate of UCN produc-
tion in a source using 15N2 can be estimated, making
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Figure 4: The UCN production cross-section in
15N2for EUCN ≤ 181 neV versus incident neutron
energy. The inelastic cross-section for E < 2 meV
is difficult to determine due to elastic contamination,
though is likely small compared to that of the energy
range shown here.
reasonable assumptions about the incident neutron
flux. For a UCN source illuminated with the neu-
tron flux from a cold moderator at temperature T ,
we define the UCN yield to be
Y (T ) = n
∫
φ (E, T )σUCN (E)dE (4)
where n = 2 × 10−22 cm−3 is the number density of
15N2, and the cold neutron flux is given by
φ(E, T ) = φ0
√
4E
pik3T 3
exp (−E/kT ) . (5)
From this, we find an optimal moderator temperature
of 40 K (see fig. 5). For a UCN source with total
incident cold neutron flux flux φ0 = 10
14 cm−2 s−1
at T = 40 K, the yield is approximately 8.9 × 104
UCN per second per cm3 of source volume.
In order to extract a UCN from the source for use
in an experiment, its mean free path λ must be com-
parable to or larger than the thickness of the source.
The mean free path contains contributions from dif-
ferent processes:
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Figure 5: The UCN yield of 15N2 for a neutron flux
of 1014 cm−2 s−1 from a cold moderator at temper-
ature T . The yield in UCN is optimized for incident
neutrons at a temperature T = 40 K.
λ−1 = λ−1up + λ
−1
abs + λ
−1
inc.el. (6)
where λup corresponds to UCN up-scattering to non-
UCN energies, λabs to nuclear absorption, and λinc.el.
to UCN elastically scattering within the nitrogen vol-
ume. Even for relatively poor isotopic purity, the in-
coherent scattering mean free path is negligibly long.
The absorption mean free path is highly dependent
on the isotopic purity, and purity ∼ 99.9% or higher
is necessary for up-scattering to be the dominant con-
tribution to the mean free path.
The (temperature dependent) up-scattering cross-
section of UCN in the nitrogen can be computed from
the data by choosing the minus sign in eqn. 2 and
integrating over the final state energy:
σup = κE
−1/2
0
∫ ∞
0
√
ES
(√
2mnE/~,−E
)
dE. (7)
We compute λup = 1/σupn for UCN with E0 = 181
neV for a range of temperatures (see fig. 6). We ob-
serve an increased λup with decreasing temperature
due to the smaller population of lattice modes that
can induce up-scattering. At T = 5.9 K, the data
suggest an up-scattering mean free path of approxi-
mately 46 cm, which is greater than the thickness of
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Figure 6: The mean free path λup for UCN to up-
scatter to non-UCN energies within the solid nitrogen
volume. The error bars are statistical.
D2 sources, such as the Los Alamos source (∼ 5 cm)
or the PSI source (∼ 15 cm)[7, 9]. The thickness of
a UCN source using 15N2 could therefore be made
larger than a D2 source, the latter of which is limited
by its 8 cm incoherent scattering mean free path.
5 Conclusions
The dynamical structure factor of solid α−15N2 has
been measured over a range of temperatures. No ap-
preciable difference in dynamics is observed between
14N2 and
15N2, and there is reasonable qualitative
agreement between our data and previous studies of
the dynamics of solid α-nitrogen. However, a higher
resolution neutron scattering technique would be nec-
essary to thoroughly investigate the rich structure of
the vibrational and librational modes.
The absolute UCN production cross-section is de-
termined by normalizing the scattered intensity to
the total molecular cross-section of the sample. The
cross-section peaks strongly near 6 meV, and the op-
timal incident cold neutron temperature is 40 K. The
measured cross-section is found to be somewhat lower
than that of D2 and O2 (see [34]). However, we ob-
serve an up-scattering mean free path substantially
longer than that of D2. Thus, for sufficiently high iso-
5
topic purity, an α−15N2 source could be large while
maintaining efficient UCN extraction to compensate
for the lower production cross-section.
Further, a nitrogen-based source may benefit from
operating temperatures below those used here, if the
up-scattering cross-section can be further reduced at
lower temperatures (∼ 1 K). While deuterium is ul-
timately limited by its temperature independent ab-
sorption and incoherent scattering mean free paths,
further improved isotopic purity of 15N may make an
even lower temperature nitrogen volume a promising
candidate for a new UCN source. This motivates fu-
ture work in performing direct measurements of slow
neutron mean free paths and UCN production rates
in 15N2.
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